The thermal decomposition kinetics of 2,3-epoxy-2,3-dimethylbutane have been studied computationally using density functional theory, along with various exchange-correlation functionals and an extremely large basis set. The calculated energy profiles have been supplemented with calculations of kinetic rate constants and branching ratios under atmospheric pressure and in the fall-off regime have been supplied, using transition state theory (TST) and statistical RiceRamspergerKasselMarcus (RRKM) theory. Kinetic rate constants and branching ratios under atmospheric pressure and in the fall-off regime have been supplied, using transition state and RRKM theories. By comparison with experiment, all our calculations indicate that, from a kinetic viewpoint, the most favorable process is thermal decomposition of 2,3-epoxy-2,3-dimethylbutane into the 2,3-dimethylbut-3-en-2-ol, whereas under thermodynamic control of the reactions, the most abundant product derived from the 2,3-epoxy-2,3-dimethylbutane species will be the 3,3-dimethylbutan-2-one species. The regioselectivity of the decomposition decreases with increasing temperatures and decreasing pressures. In line with rather larger energy barriers, pressures larger than 10 6 bar are in general sufficient for ensuring a saturation of the computed unimolecular kinetic rate constants compared with the high-pressure limit (TST) of the RRKM unimolecular rate constants. The bonding evolution theory indicated that thermal decomposition of 2,3-epoxy-2,3-dimethylbutane into the 2,3-dimethylbut-3-en-2-ol takes place along three differentiated successive structural stability domains after passing the reactant from the associated transition state.
Introduction
Pyrolysis of ethylene oxide 1, 2 and propylene oxide 2, 3 is complicated by the occurrence of primary and secondary radical reactions in addition to the non-radical processes. It was hoped that a tetra-substituted ethylene oxide would be less susceptible to radical attack and would therefore provide clearer evidence as to the mechanism of epoxide decomposition. The decompositions of ethylene oxide and propylene oxide have been explained in terms of a mechanism involving the initial fission of the ring to form a biradical intermediate of short
lifetime that can either recyclize or rearrange to give the observed products. 4 Flowers et al. 5 have suggested similar argument for the thermal decomposition of 2,3-epoxy-2,3-dimethylbuthane (see Scheme 1): Scheme 1 Formation of 3,3-dimethylbutan-2-one however is most conveniently explained as arising via a methyl shift in intermediate A. Fragmentation of either A or B would lead to the formation of propene and acetone via a transition state involving simultaneous migration of a hydrogen atom in the dimethylmethylene fragment. They have noted that, it is not possible to decide whether one or both of the intermediates participate in this reaction as although formation of B from the epoxide is probably favored over A, this may be more than compensated for in the rates of decomposition of the two intermediates. 5 Also, they discussed that the mechanism for the formation of 2,3-dimethylbut-3-en-2-ol is more difficult to explain. A 1,4-hydrogen shift to the oxygen in intermediate A would appear the logical route but for the fact that the measured activation energy is lower than the estimated bond dissociation energy to give A. They have suggested that an analogous reaction to explain the formation of acetone and propene, i.e., a 1,4-hydrogen transfer in biradical B to give isopropenylisopropyl ether which then, via a 1,5-hydrogen transfer, decomposes rapidly to acetone and propene. This mechanism conveniently explains the formation of methyl vinyl ether, which cannot decompose via a 1,5-hydrogen shift, in the pyrolysis of propylene oxide.
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Intermediate B structurally offers no route to the alcohol. Also, they have noted that an alternative is that formation of the alcohol occurs via a concerted reaction from the epoxide.
However the highly strained nature of the bicyclic transition state that would be involved makes this unsatisfactory also. A further possibility is that, in spite of the negative findings regarding the importance of surface or radical reactions in the formation of the alcohol, the Arrhenius parameters measured are not those of an elementary reaction. Finally, they have concluded that the radical process in ethylene and propylene oxides decompositions, that may arise as the result of decomposition of the product aldehyde owing to its formation with a large energy excess are not important in their study. 1c,4 This is to be expected as 3,3-dimethylbutan-2-one has a greater number of internal degrees of freedom and the reaction has a smaller exothermicity.
The kinetics of the gas-phase thermal decomposition of 2,3-epoxy-2,3-dimethylbutane has been measured or experimentally inferred in the temperature range from 661.5 to 729.1 K, and at a pressure of 11 Torr indicated that the decomposition processes carried out by three competing homogeneous, first-order, and non-radical reactions to give either 3,3-dimethylbutan-2-one (reaction 1), or propene and acetone (reaction 2), and 2,3-dimethylbut-3-en-2-ol (reaction 3). An Arrhenius plot of all the experimental unimolecular rate constants of 2,3-epoxy-2,3-dimethylbutane is depicted in Figure 2 . 5 As is immediately apparent from this figure, for all reported series of data, the rate constant of the gas-phase unimolecular decomposition of 2,3-epoxy-2,3-dimethylbutane exhibit positive temperature dependences over the studied temperature range, which is equivalent to Arrhenius activation energies of (56.71. 
A first-order plot for epoxide decomposition shows slight curvature, but indicates that the overall reaction is approximately of the first order at a pressure of 11 Torr. Reaction mechanisms are discussed in which the initial step is fission of the ring at either a C-C or a C-O bond to give a short-lived biradical intermediate that may rearrange or decompose to
give the observed products. The ratio of 3,3-dimethylbutan-2-one to propene was constant at each temperature, therefore the production of each is of the first order. The basic interest of the present study is to understand the activation energies as well as kinetic rate constants of the molecular mechanism of the thermal decomposition processes of 2,3-epoxy-2,3-dimethylbutane that are displayed in Figure 1 . In this purpose, we use shall be In addition, kinetic rate constants at the high pressure limit will be supplied by means of TST, and their fall-off behavior at lower pressures will be studied using statistical RiceRamspergerKasselMarcus (RRKM) theory, 1719 for the purpose of unraveling the detailed experiments by Flowers et al. 5 at temperature ranging from 661.5 to 729.1 K.
Computational details
All calculations that are discussed in the present work have been performed using the Gaussian 09 package of programs. 20 Molecular structures were visualized using GaussView. 21 The molecular structures and harmonic vibrational frequencies of all stationary points of interest were calculated using density functional theory (DFT) along with the B97XD and UM06-2x exchange-correlation functionals, in conjunction with diffuse functions (aug-ccpVTZ basis set). The nature of all identified stationary points has been verified according to calculations of harmonic vibrational frequencies at the same level of theory as the geometry optimization. The intrinsic reaction coordinates (IRC) calculation was performed in forward and backward along the reaction path to identify whether the located transition state structure connects to the two associated minima, using the Hessian based predictor corrector (HPC) integrator algorithm. 22 In line with the temperatures at which the experiments by Flowers et al. 5 were conducted, unimolecular rate constants and branching ratios have been obtained at temperature ranging from 661.5 to 729.1 K and at a pressure of 1 bar (high pressure limit) using transition state theory (TST), and the UM06-2x/aug-cc-pVTZ has been used to estimates the activation energies (E a [including zero-point vibrational energy (ZPVE) contributions]). The rationale behind choosing the UM06-2x exchange-correlation functional is that a recent study by Zhao and Truhlar 15 has shown that it is the best one for applications involving main-group thermochemistry, kinetics, noncovalent interactions, and electronic excitation energies to valence and Rydberg states. M06-2x exchange-correlation functional and its analogs are dedicated for precisely energetic considerations. However, recently it has been established that this approach underestimate activation parameters for many addition reactions, 23 whereas for elimination processes the same methodology overestimate activation parameters.
In atmospheric chemistry, the kinetics of unimolecular reactions can be determined using conventional TST. The rate constants for unimolecular reactions are therefore given by:
along with k B , h and R are the Boltzmann's, Planck's and ideal gas constants, respectively. In the above equation, σ is the reaction symmetry number, and κ(T) denotes the Wigner's tunneling factor 28 that has been considered for evaluating the rate constant of the unimolecular dissociation step on TST grounds, using the UM06-2x energy profiles. The Wigner tunneling factor is given by:
where Im( i ) is the imaginary vibrational frequency of the relevant transition state.
Since the computed energy differences account for ZPVEs, vibrational partition functions were computed using the vibrational ground state as energy reference. TST gives an estimate of the upper-limit for rate constants as a function of the temperature, and is known to give reliable estimations of rate constants 19, 29 in the high pressure limit, especially for cases with significant barrier heights.
Note that, in practice, standard atmospheric pressures (1 bar) are usually considered to be large enough for reliably calculating kinetic rate constants by means of TST. The fall-off behavior of canonical kinetic rate constants from the TST limit (P→) towards the lowpressure limit (P→0) has been also studied using statistical RRKM theory. 1719 The RRKM microcanonical rate constants k(E) are given by the standard expression:
where (E) represents the density of states at the reactants, and N † (E) denotes the total number of states at the transition state with energy less than or equal to E.
In the present work, all supplied TST, and RRKM rate constants are the results of chemical kinetic calculations that were performed by means of the Kinetic and Statistical Thermodynamical Package (KiSThelP). 30 All these calculations rely upon UM06-2x/aug-ccpVTZ estimations of activation energies and ro-vibrational densities of states. A scaling factor of 0.971 was imposed on the frequencies calculated at the UM06-2x/aug-cc-pVTZ level in the RRKM calculations. LennardJones (LJ) collision rate theory was used to evaluate collisional stabilization rate constants. 31 The strong collision approximation is used assuming that every collision deactivates with = c .Z LJ .
[M] being the effective collision frequency, where  c is the collisional efficiency, Z LJ represents the LJ collision frequency, and [M] is the total gas concentration. The collision frequencies (Z LJ ) were calculated using the LJ parameters: /k B , which depends on the energy depth () of the LJ potential and , which represents a dimensional scale of the molecular radius. The retained LJ potential parameters were =3.465
Å and /k B =113.5 K for argon as diluent gas, 29 and  =5.7 Å and /k B =447.1 K for the 2,3-epoxy-2,3-dimethylbutane.
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Results and discussions Energetic and thermodynamic parameters
Reaction energies, enthalpies, entropies and Gibb's free reaction energies for the thermal decomposition of 2,3-epoxy-2,3-dimethylbutane is supplied in in spite of slightly unfavorable entropy effects, the Gibb's free energy for reaction pathway 3 Whatever this chemical reaction via pathway 3 is kinetically favored over the other pathways, while the formation of the 3,3-dimethylbutan-2-one species (P1) will clearly predominate under thermodynamic control, i.e. at chemical equilibrium. 
Structural characteristics of stationary points
The optimized geometries of all identified stationary points [reactant (R), transition states (TS1, TS2, and TS3), and products (P1, P2, and P3)] involved in the chemical pathways 13
are supplied at all selected DFT levels in Table 3 . The reader is correspondin4gly referred to Figure 4 for detailed atom labelling. R  TS1  TS2  TS3  P1  P2  P3  R  TS1  TS2  TS3  P1  P2  P3 r (O1C2) Hammond's postulate states that the structure of a transition state resembles that of the species nearest to it in free energy. 33 This principle is usually quantified in terms of the position of the transition structure along the reaction coordinate, n T , as defined by Agmon
The magnitude of n T indicates the degree of similarity between the transition structure and the product. According to this equation, the position of the transition state along the reaction coordinate is determined solely by the Gibbs free energy of reaction, ΔG (a thermodynamic quantity), and the Gibbs free activation energy, ΔG † (a kinetic quantity). In line with the previously obtained energy profiles (Figure 3) , and the structural observations made in the preceding section, the obtained values imply that at all considered levels of theory, the transition states involved in the formation of the products P1P3 are more similar to the reactant (Table 4) .
Kinetic parameters
TST and RRKM unimolecular rate constants of the thermal decomposition processes of 2,3-epoxy-2,3-dimethylbutane in the gas-phase calculated along with the UM06-2x/aug-ccpVTZ approach are listed in Table 5 at a pressure of 1 bar and at the considered temperatures, in line with the original experiments by Flowers et al. 5 Further RRKM data computed at lower and higher pressures are provided for the same temperatures in Tables S1aS1i of the Supplementary information.
The supplied unimolecular TST and RRKM results obtained along with the UM06-2x approach indicate that, at a pressure of 1.0 bar, the formation of the product P3 [2,3-dimethylbut-3-en-2-ol species] will clearly predominate over the formation of the 3,3-dimethylbutan-2-one (via reaction 1), or propene and acetone (via reaction 2) (see Figure 5 ).
Note that, in line with a lower activation energy, the kinetically most competitive process corresponds to the unimolecular formation of the 2,3-dimethylbut-3-en-2-ol species from the 2,3-epoxy-2,3-dimethylbutane (R→P3). Whatever the considered temperatures, the unimolecular rate constant for the formation of the 2,3-dimethylbut-3-en-2-ol species (product P3) is larger than that obtained for the products P1 and P2, which is in line with a reduction of the activation energy barrier, by 1.11 and 18.82 kcal mol 1 , respectively on the corresponding chemical reaction pathways. Indeed, the obtained TST and RRKM results (Table 5) indicate that rate constant for the R→P3 unimolecular reaction is larger than the rate constants obtained for the other decomposition pathways.
An Arrhenius plot of the obtained unimolecular rate constants by means of RRKM theory for pathways 13, based on the UM06-2x energy profiles (see Figure 5 ) obviously confirms that the production of the 2,3-dimethylbut-3-en-2-ol (P3) species will therefore clearly predominate over the formation of the other products at a pressure of 1.0 bar and over the temperature range 661.5-729.1 K. The same observation holds for pressures ranging from 10 12 to 10 2 bars (Tables S1aS1i in the Supplementary information). As is to be expected, because of the involved positive energy barriers, these rate constants increase gradually with increasing temperatures. Thus, thermal decomposition process 1 is thermodynamically favored pathway Table 5 means o pVTZ e Table 6 . Branching ratio for the reported reaction channels obtained by means of TST and RRKM theories (P = 1 bar), based on the computed UM06-2x energy profiles. In Figure 7 , we display the evolution of RRKM branching ratios for the decomposition processes via pathways 13 as a function of the temperature and pressure, respectively (see also Table 6 and Tables S3aS3i of the Supplementary information). In line with the computed energy profile and kinetic rate constants (RRKM data) indicate that at temperatures ranging from 661.5 to 729.1 K, the production of the 2,3-dimethylbut-3-en-2-ol species (via pathway 3) clearly predominates the overall reaction mechanism at all studied temperatures, and this down to extremely low pressures, larger than 10 12 bar. Nevertheless, the regioselectivity of the reaction decreases with increasing temperatures and decreasing pressures.
The reader is referred again to Figure 5 for an Arrhenius plot of the obtained RRKM estimates at a pressure of 1.0 bar for the decomposition processes of the 2,3-epoxy-2,3-dimethylbutane, according to the UM06-2x/aug-cc-pVTZ estimates of energy barriers. This 
where 
is the Thomas-Fermi kinetic energy density, which corresponds to a uniform electron gas with spin density equal to the local value of ρ(r). 37 The ELF takes in every point of space a value on to the range 0 ≤ ELF ≤ 1 with the upper limit ELF=1 corresponds to perfect localization, ELF=0.5
corresponds to electron-gas-like pair probability, and the ELF=0 corresponds to perfect delocalization. 38 Color-filled maps of the electron localization function along the IRC of reaction path 3, in the molecular plane defined by plane of the C 2 OC 1 , are obtained at the UM06-2x/aug-cc-pVTZ level of theory and presented in Figure 9 . Color-filled maps clearly
show that core electrons are localized on carbon, oxygen and hydrogen atoms. The BET study of the reaction path 3 indicates that this reaction along the intrinsic reaction coordinate can be topologically characterized by three differentiated successive structural stability domains 
Conclusion
The thermal decomposition processes of 2,3-epoxy-2,3-dimethylbutane have been studied computationally using density functional theory along with various exchange-correlation functionals (ωB97XD, and UM06-2x) and an extremely large basis set (aug-cc-pVTZ). Note that the UM06-2x functional has been especially designed for accurate studies of chemical reactions, both from a thermodynamic and kinetic viewpoint, 39 whereas a main advantage of the B97XD functional is a consistent treatment of dispersion forces. The calculated energy profiles have been supplemented with calculations of kinetic rate constants and branching ratios under atmospheric pressure and in the fall-off regime, down to pressure of 10 12 bar, using conventional TST and RRKM theories. The supplied data indicate that, under a kinetic control of the reaction, the 2,3-dimethylbut-3-en-2-ol species is chemically much more reactive than the other products. The supplied data indicate that, under a thermodynamical viewpoint, the most abundant product derived from the decomposition of the 2,3-epoxy-2,3-dimethylbutane is the 3,3-dimethylbutan-2-one species.
In line with the experimental observations by Flowers et al., 5 the correspondingly obtained branching ratios indicate that the kinetically most efficient process at temperatures ranging from 661.5 to 729.1 K corresponds to thermal decomposition of 2,3-epoxy-2,3-dimethylbutane to the 2,3-dimethylbut-3-en-2-ol species. These branching rations also indicate that the regioselectivity of the reaction decreases with increasing temperatures and decreasing pressures. RRKM calculations show in particular that overwhelmingly high pressures, larger than 10 6 bar, would be required for restoring the validity of this approximation for all reaction channels.
The bonding evolution theory analysis of reaction pathway 3 indicates that all topological changes along the reaction coordinate occur after passing the reactant from transition state at Rx=0.104220.31332 amu 1/2 Bohr by three differentiated successive structural stability domains.
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